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Abstract
We study a scalar singlet dark matter (DM) having mass in sub-TeV regime by extending the minimal
scalar singlet DM setup by additional vector like fermions. While the minimal scalar singlet DM satisfies the
relic and direct detection constraints for mass beyond TeV only, presence of its portal coupling with vector
like fermions opens up additional co-annihillation channels. These vector like fermions also help in achieving
electroweak vacuum stability all the way up to Planck scale. We find that for one generation of vector
like quarks consisting of a SU(2)L doublet and a singlet, scalar singlet DM with mass a few hundred GeV
can indeed satisfy relic, direct detection and other relevant constraints while also making the electroweak
vacuum absolutely stable. The same can be achieved by introducing vector like leptons too, but with three
generations. While the model with vector like quarks is minimal, the three generations of vector like lepton
doublet and neutral singlet can also give rise to light neutrino mass at one loop level.
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I. INTRODUCTION
Understanding the nature of the dark matter (DM) remains an outstanding problem of present
day particle physics. Although there have been significant evidences from astrophysics suggesting
the presence of this non-baryonic, non-luminous and collision-less form of matter in the universe,
their direct evidence is still awaited. Information about its abundance has been obtained from
WMAP [1] and PLANCK satellite experiments indicating ΩDMh
2 = 0.120 ± 0.001 [2] at 68% CL
with h = Hubble Parameter/(100 km s−1Mpc−1) which effectively corresponds to around 26% of
the present universe’s energy density. Due to the lack of knowledge about its nature of interaction,
apart from the gravitational one, a plethora of possibilities of DM model building has taken place
over the years. Among them, the weakly interacting massive particle (WIMP) paradigm [3] is the
most widely studied one. In such a scenario, a particle DM candidate typically having electroweak
scale mass and interactions, is produced thermally in the early universe followed by freeze-out from
the bath and hence leaves a relic very close to the observed DM abundance.
Perhaps the most economical realisation of such a WIMP scenario is the extension of the stan-
dard model (SM) by a scalar singlet field having Higgs portal interaction, odd under an unbroken
Z2 symmetry [4–6] and hence explaining the stability of DM, a recent update on which can be
found in [7]. The scenario is tightly constrained by the relic abundance and direct detection (DD)
searches. In fact, present direct detection experiments such as LUX [8], PandaX-II [9, 10] and
XEXON1T [11, 12] allow such a DM candidate beyond 1 TeV only (except near the SM Higgs
resonance region). On the other hand, the large hadron collider (LHC) bound on Higgs invisible
decay width sets constraints on such a possibility even for lighter DM mass: mDM < 62.5 GeV
[7, 13]. The latest measurements by the ATLAS collaboration constrains the Higgs invisible de-
cay branching ratio to be below 13% [13] tightly constraining the coupling of scalar DM with SM
Higgs for this low mass range. Hence a significant range of DM mass in this simplest framework
is presently excluded which could otherwise be an interesting region for several DM (direct and
indirect) and collider experiments.
Apart from explaining the DM, such a singlet scalar extension of the SM can also be useful
in keeping the electroweak (EW) vacuum absolutely stable all the way till Planck scale for mDM
above 1 TeV [14]. As it is known that the SM Higgs quartic coupling λH becomes negative at
an intermediate scale ΛSMI ∼ 109−10 GeV (depending on the precise value of the top quark mass)
according to the renormalisation group (RG) evolution, it indicates a possible instability of the
Higgs vacuum. Although with the current measured mass of the top quark (central value) ∼ 173.2
2
GeV, the EW vacuum in the SM remains metastable [15–21], a more precise measurement of top
quark mass may change the conclusion. In addition, such a metastability of the EW vacuum may
not be a welcome feature in the context of primordial inflation[22] ( and references therein). This
situation would change in presence of the scalar singlet DM as the negative fermionic contribution
(primarily due to top quark) to the RG evolution of λH can now be compensated by the additional
Higgs portal interaction of the new scalar.
Study of such scalar singlet DM has been extended in different directions where additional
portal couplings of the scalar are engaged on top of the usual Higgs portal interaction. One such
possibility is to include DM portal couplings with new vector like leptons [23–26] and quarks [27–
31]. The interesting feature that came out of these studies is the presence of radiative corrections
that not only affects the DM annihilations significantly but also leads to interesting observations
for DM indirect searches. Such studies are also relevant for collider searches. Another extension of
the minimal singlet scalar DM model involves additional scalar with non-zero vacuum expectation
value (VEV) as done in [32]. The purpose of the work was to show that in presence of such a
scalar, the low-mass window (below 500 GeV) for the DM can be reopened. The second scalar is
shown to also help in making the EW vacuum stable even when large neutrino Yukawa coupling is
present.
In this work, we include additional Z2 odd vector like fermions (VLF): first with vector like
quarks (VLQ) and then with vector like leptons (VLL) such that the scalar DM can co-annihilate
with these additional fermions. This contribution affecting the relic abundance (to some extent)
gets decoupled from the ones giving rise to tree level spin independent DM-nucleon scattering
and hence DM with mass below 1 TeV is expected to be revived. Although phenomenological
implications of such a setup have already been addressed elsewhere from different perspectives [23–
31] , here we have one more motivation and that is to ensure the stability of electroweak vacuum
all the way up to the Planck scale. The idea emerges from a recent observation [33] that though we
know fermions coupling to the Higgs contribute negatively to the RG running of quartic coupling
λH in general, the presence of VLQs can actually affect the SU(3) gauge coupling in such a way
which in turn be useful in keeping λH positive at all scales. We show that the same idea can be
extended to VLL also which affect the SU(2) gauge coupling in a similar way to keep λH positive
at all scales, though more number of generations of doublet-singlet VLLs are required to include.
Motivated by the possibility of having a common framework for stable electroweak vacuum and
a sub-TeV scalar singlet DM, we first consider an extension of SM by a dark sector consisting of
a real scalar singlet DM and two types of VLQs (all Z2 odd) transforming as doublet and singlet
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under SU(2)L gauge symmetry of the SM. We show the new available regions of DM parameter
space with mass below a TeV allowed from all relevant constraints from cosmology and direct
searches. We also show that for the same DM parameter space, the electroweak vacuum stability
criteria can be satisfied. In the latter half of this paper, we study a similar model but with one
vector like lepton doublet and a neutral singlet per generation, both odd under the Z2 symmetry.
We find that at least three such generations of leptons are required to achieve absolute electroweak
vacuum stability with the help of DM-Higgs portal coupling (to some extent) where a sub-TeV
scalar singlet DM becomes allowed from all phenomenological constraints. While this scenario
requires more additional fermions compared to the VLQ model, the additional leptons can also
take part in generating light neutrino mass at one loop level.
This paper is organised as follows. In section II, we describe particle content of our model with
VLQs and DM, the relevant interactions, particle spectrum and existing constraints. In section
III, we summarize the constraints applicable to this scenario. Then in section IV, we first discuss
the DM phenomenology for the model with VLQs followed by the issues related to electroweak
vacuum stability in V. A combined analysis and parameter space are then presented in section VI.
In section VII, we replace the VLQs by VLLs and analyse the DM and vacuum stability in details
which is inclusive of constraints applicable to the scenario, allowed parameter space and a relative
comparison between the two scenarios considered in this work. Finally we conclude in section VIII.
Appendices A and B are provided to summarize the beta functions of the model parameters.
II. THE MODEL WITH VLQ
As stated in the introduction, we extend the SM fermion-fields content by two types of vector-
like quarks (being triplet under SU(3)c): a SU(2)L doublet FT = (F ′1 F2), and a singlet f ′ VLQs.
In addition, a SM singlet real scalar field S is included which would play the role of DM. These
beyond the standard model (BSM) fields are odd under the Z2 symmetry while all SM fields are
even under it. This unbroken Z2 symmetry guarantees the stability of the DM, as usual. The
fermion and scalar content of the model inclusive of the SM ones and their respective charges
are shown in table I. The Lagrangian terms, invariant under the symmetries considered, involving
Yukawa interactions between the BSM or dark sector fields of our framework and the SM fields
can now be written as
−LVLQ = MF F¯F +Mf f¯ ′f ′ + yF¯H˜f ′ + α1F¯RSQL + α2f¯ ′LS uR + h.c.. (1)
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Particle SU(3)c SU(2)L U(1)Y Z2
QL 3 2
1
6 +1
uR 3 1
2
3 +1
dR 3 1 − 13 +1
lL 1 2 − 12 +1
eR 1 1 −1 +1
H 1 2 12 +1
S 1 1 0 -1
F 3 2 16 -1
f ′ 3 1 23 -1
TABLE I. Particles and their charges under different symmetries.
Here L,R denote the left and right-handed projections respectively. Note that the choice of hy-
percharges of the VLQs (YF , Yf ′) are guided by the consideration that they are of SM-like. For
the sake of minimality, we choose the singlet VLQ to be of up type only, considering it to be down
type though would not have significant impact on our results and conclusion. The bare masses of
F and f ′ are indicated by MF and Mf respectively.
Turning into the scalar part of the Lagrangian, the most general renormalisable scalar potential
of our model, V (H,S) can be divided into three parts: (i) VH : sole contribution of the SM Higgs
H, (ii) VS : individual contribution of the scalar singlet S and (iii) Vint: interaction among H and
S fields, as
V (H,S) = VH + VS + Vint, (2)
where
VH = −µ2HH†H + λH(H†H)2; VS = 12M2SS2 + λS4! S4, (3)
and Vint =
λHS
2
(H†H)S2. (4)
Once the electroweak symmetry breaking (EWSB) takes place with v = 246 GeV as the SM Higgs
VEV, masses of the two physical states, the SM Higgs boson h and S, are found to be
m2h = 2λHv
2, and m2S= M
2
S +
λHS
2
v2. (5)
Note that the EWSB gives rise to a mixing among the up-type VLQs of the framework. In the
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basis (F ′1, f ′), the mass-matrix is given by,
MV LQ =
MF y v√2
y v√
2
Mf
 . (6)
Diagonalizing the above matrix, we get the mass eigenvalues as
m2,1 =
1
2
[
MF +Mf ±
√
(MF +Mf )2 − 4(MFMf − y
2v2
2
)
]
, (7)
corresponding to the mass eigenstates f and F1. We follow the hierarchy m1 < m2. These mass
eigenstates are related to the flavor eigenstates F ′1, f ′ via the mixing angle θ asF ′1
f ′
 =
 cθ sθ
−sθ cθ
F1
f
 , (8)
where
tan2θ =
√
2 y v
Mf −MF . (9)
In the subsequent part of the analysis, we choose the physical masses m1, m2 and mixing angle
θ as independent variables. Obviously, the other model parameters can be expressed in terms of
these independent parameters such as
MF = m1c2θ +m2s
2
θ, (10a)
Mf = m1s
2
θ +m2c
2
θ, (10b)
y =
√
2(m2 −m1)cθsθ
v
=
√
2
v
∆21cθsθ. (10c)
Hence a small θ would indicate that the lightest eigenstate contains mostly the doublet component.
III. CONSTRAINTS ON THE MODEL
Here we summarize all sorts of constraints (theoretical as well as experimental) to be applicable
to the model parameters.
A. Theoretical constraints
(i) Stability: The scalar potential should be bounded from below in all the field directions of
the field space. This leads to the following constraints involving the quartic couplings as
λH(µ), λS(µ) ≥ 0, (11a)
λHS(µ) +
√
2
3
λH(µ)λS(µ) ≥ 0, (11b)
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where µ is the running scale. These conditions should be analysed at all the energy scales
upto the Planck scale (MPl) in order to maintain the stability of the scalar potential till MPl.
(ii) Perturbativity: A perturbative theory demands that the model parameters should obey:
|λi| < 4pi and |gi|, |y, α1, α2| <
√
4pi. (12)
where gi and (y, α1, α2) are the SM gauge couplings and Yukawa couplings involving BSM
fields respectively. We will ensure the perturbativity of the of the couplings present in the
model till the MPl by employing the renormalisation group equations (RGE). In addition,
the perturbative unitarity associated with the S matrix corresponding to 2 → 2 scattering
processes involving all two-particle initial and final states [34, 35] are considered. It turns
out that the some of the scalar couplings of Eq. (2) are bounded by
λH < 4pi , λHS < 8pi and
1
4
(
12λH + λS ±
√
16λ2HS + (λS − 12λH)2)
)
< 8pi (13)
B. Experimental constraints
(i) Relic density and Direct detection of DM: In order to constrain the parameter space
of the model, we use the measured value of the DM relic abundance provided by the Planck
experiment[2] and apply the limits on DM direct detection cross-section from LUX [8],
PandaX-II [9, 10] and XEXON1T [11, 12] experiments. Detailed discussion on the dark
matter phenomenology involving effects of these constraints is presented in section IV.
(ii) Collider constraints: The model discussed in the present setup can be proficiently probed
at the LHC through the production of the VLQ mediators. After getting produced, the
VLQs can decay into the DM particle and the SM quarks if kinematically allowed and hence
the signature of interest consists of jets plus the missing energy ( /ET ) signals[27–30]. In case
if the VLQs couples to the lighter SM quarks as in the present setup, the jet arising from
the decay of the VLQs might be too soft to be detected in the ATLAS [36] or CMS [37] and
so one may also look for additional emissions of one or more hard jets for the detections of
the events, hence multi-jets plus /ET can be useful providing constraints on the parameter
space. Study of [27] shows that the real scalar singlet DM mass above 300 GeV would
be allowed in such a scenario, where the lightest VLQ mass is taken as 500 GeV. In their
7
analysis, the coupling involving VLQs (doublet and singlet ones) and scalar DM plays pivotal
role. Instead in our case, it turns out that this particular coupling plays only subdominant
role in dark matter phenomenology. Even then, we use the VLQ’s mass around 500 GeV
as a conservative consideration for their mass. A weaker bound on VLQ’s mass however
prevails as mVLQ > 100 GeV similar to the constraints in case of squark searches, from LEP
experiment [38].
IV. DARK MATTER PHENOMENOLOGY
In this section, we elaborate on the strategy to calculate the relic density and the direct detection
of the dark matter S in the present setup. As we have discussed, apart from the scalar singlet S the
present setup also incorporates additional fermions, in the form of one vector like quark doublet
F and one vector like quark singlet f ′. These VLQs talk to the SM via its (i) Yukawa interactions
with (a) the dark matter S, (b) the SM Higgs and (ii) gauge interaction (e.g., with gluons). Below
we provide a list of relevant Yukawa interaction vertices (belonging to (i) as above).
SF1u : 1
2
[α1cθ(1− γ5)− α2sθ(1 + γ5)],
SF2d : 1
2
[α1(1− γ5)],
Sfu :
1
2
[α1sθ(1− γ5) + α2cθ(1 + γ5)], and (14)
hF1f : y√
2
(1− 2s2θ),
hF1F1 : − y√
2
cθsθ,
hff :
y√
2
cθsθ, (15)
where u represents all the up type SM quarks and d represents all the down type SM quarks.
Presence of these additional interactions opens up new possiblities for the singlet scalar dark
matter to co-annihilate with the new VLQs into the SM final states. Now, in order to study
the evolution of the DM in the universe one needs to solve the Boltzmann equation of the DM.
Before going into the details of the Boltzmann equation, we first identify and categorise differ-
ent annihilation and co-annihilation channels of the dark matter S. In Fig. 1 we show all the
possible annihilation channels of the dark matter whereas in Fig. 2 we show only the additional
co-annihilation channels which come into the picture due to the presence of additional fermions
discussed above and finally in Fig. 3 we show all the possible annihilation channels of the VLQs
in the present setup. Considering the DM S as the lightest field among the Z2 odd ones, diagrams
8
SS
h
SM
SM
(a)
S
S
h
h
(b)
S
S
h
h
h
(c)
h
h
S
S
h
(d)
S
S
h
Z (W−)
Z (W+)
(e)
S
S
h
f
F¯
(f)
f(u)
f¯(u¯)
S
S
u(f)
(g)
F(Q)
F¯(Q¯)
S
S
Q(F)
(h)
FIG. 1. Annihilation channels for scalar singlet dark matter S.
involving VLQs in the final state will not contribute in the annihilation process.
A. Methodology
As discussed above, the co-annihilation of the dark matter S with the VLQs would play a crucial
role in explaining the relic density. It has been also shown in [27–31] that the annihilation among
the VLQs themselves can give a significant contribution towards the relic density of the DM. The
relic density of the DM with mass mS is given by [5]:
Ωh2 =
1.09× 109 GeV−1
g
1/2
∗ MPl
1
J(xf )
, (16)
where J(xf ) is given by
J(xf ) =
∫ ∞
xf
〈σ|v|〉eff
x2
dx. (17)
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SQ (F)
F (Q)
F (Q)
g
(a)
S
u (f)
f (u)
f (u)
g
(b)
S
Q (F)
F (Q)
F (Q)
W±
(c)
S
Q (F)
F (Q)
F (Q)
Z
(d)
S
u (f)
f (u)
f (u)
Z
(e)
S
Q (F)
F (Q)
f (u)
h
(f)
S
u (f)
f (u)
F (Q)
h
(g)
FIG. 2. Coannihilation channels for scalar singlet dark matter S.
〈σ|v|〉eff in Eq. (17) is the effective thermal average DM annihilation cross-sections including con-
tributions from the co-annihilations and is given by
〈σ|v|〉eff = g
2
s
g2eff
σ(SS) + 2
gsgψ
g2eff
σ(Sψi)(1 + ∆i)
3/2 exp[−x∆i ]
+2
g2ψ
g2eff
σ(ψiψj)(1 + ∆i)
3/2(1 + ∆j)
3/2 exp[−x (∆i + ∆j )]
+
g2ψ
g2eff
σ(ψiψi)(1 + ∆i)
3 exp[−2x∆i ]. (18)
In the equation above, gs and gψ are the spin degrees of freedom for S and ψi,j where ψi,j represents
all the VLQs (F1,F2, f) involved. Here, x = mST and ∆i depicts the mass splitting ratio mi−mSmS ,
where mi stands for the masses of all the VLQs. geff in Eq. (18) is the effective degrees of freedom
given by
geff = gs + gψ(1 + ∆i)
3/2 exp[−x∆i ]. (19)
Note that as the VLQs share the same Z2 charge similar to the DM, their annihilations would also
be important for evaluating the effective annihilation cross section. In the following analysis, we
10
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F¯(f¯)
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F¯(f¯)
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h
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F¯(f¯)
F(f)
(c)
Z
g
F(f)
F¯(f¯)
F(f)
(d)
F(f)
F¯(f¯)
Z
W+
W−
(e)
F(f)
F¯(f¯)
h
W+(Z)
W−(Z)
(f)
W+(Z)
W−(Z)
F(f)
F¯(f¯)
F(f)
(g)
h
Z
F(f)
F¯(f¯)
F(f)
(h)
F(f)
F¯(f¯)
Z
h
Z
(i)
h
h
F(f)
F¯(f¯)
F(f)
(j)
F(f)
F¯(f¯)
h
h
h
(k)
F(f)
F¯(f¯)
Z
SM
SM
(l)
F(f)
F¯(f¯)
g
SM
SM
(m)
F(f)
F¯(f¯)
h
SM
SM
(n)
SM
SM
F(f)
F¯(f¯)
S
(o)
S
S
F(f)
F¯(f¯)
Q(u)
(p)
F(f)
F¯(f¯)
h
S
S
(q)
FIG. 3. Annihilation channels for vector like quarks.
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use the MicrOmegas package [39] to find the region of parameter space that corresponds to correct
relic abundance for our DM candidate satisfying PLANCK constraints [2],
0.119 . ΩDMh2 < 0.121.
S
q
S
q
h
(a)
q
S
S
q
F , f
(b)
S
q
F , f
S
q
(c)
FIG. 4. Spin independent elastic scattering of DM-nucleon.
As mentioned earlier, the DM parameter space can be constrained significantly by the null result
at different direct detection experiments such as LUX [8], PandaX-II [9, 10] and XENON1T [11,
12]. Apart from the usual SM Higgs mediated Feynman diagrams for the direct detection of the
singlet scalar dark matter, the present setup has additional diagrams which come into the picture
due to the presence of the VLQs. In Fig. 4 we show all the scattering processes of the DM S with
the detector nucleon.
B. Results
Based upon the above discussion, it turns out that the following set of parameters are the
relevant ones for DM phenomenology:
{mS ,m1,2, sin θ, λHS , α1,2}, (20)
whereas other parameters of the model e.g. y and bare masses are derivable parameters from this
set itself using Eq. (10). For simplicity, we set α1 = α2 = α unless otherwise mentioned. Since
we specifically look for reopening the window of scalar singlet DM (which is otherwise ruled out)
in the intermediate mass range ∼ (200 − 950) GeV through the co-annihilation process with the
VLQs, we expect these VLQs to be heavier but having mass close to DM mass. However from the
point of view of the LHC accessibility in future, it would be interesting to keep their masses lighter
than 1 TeV. With this, the value of sin θ is expected to be small as seen from Eq. (9), unless there
exists a very fine tuned mass difference ∆21 between the bare masses (MF and Mf ) of VLQs. As a
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benchmark value, we consider ∆21 = 50 GeV. Note that with such a choice, the Yukawa coupling
y, obtainable via relation Eq. (10)(c) for fixed choices of ∆21 and sin θ, can be kept well below
1 provided sin θ is small. We have taken here a conservative choice with sin θ = 0.1. Note that
a small value of y (significantly below 1) turns out to be quite natural from the point of view of
maintaining perturbativity of y. It is also found in [33] that y above 0.3 can make the Higgs quartic
coupling λH negative at some high scale and thereby could be dangerous for vacuum stability.
(a) (b)
FIG. 5. Relic density and direct search/XENON1T allowed parameter space of the scalar singlet (S) DM
on left (in λHS −mS plane). On right we show the spin independent DM-nucleon cross-section for a scalar
singlet DM for two values of λHS = 0.01, 0.001.
To facilitate our discussion on DM parameter space of the model under consideration, we first
provide the contour plot for correct relic density consistent with Planck data in the λHS−mS plane
as shown in the left panel of Fig. 5. We also impose the DM-nucleon direct search cross section
limit as obtained from XENON 1T experiment [12]. The relic as well as DD cross section satisfied
points are indicated by the orange portion while points in purple portion of the contour indicates
the relic-satisfied but otherwise excluded by DD limits. The change in the DD cross section versus
mS variation with different choices of Higgs portal couplings are represented in the right panel. It
turns out that singlet scalar DM mass below 1 TeV is essentially ruled out except in the SM Higgs
resonance region.
In Fig. 6 left panel, we have shown the variation of relic density ΩSh
2 against the Higgs quartic
coupling λHS in our setup, while mass difference between the two up-type VLQs (∆21), DM mass
and mixing angle sin θ are kept fixed at 50 GeV, 500 GeV and 0.1 respectively. Such a choice of DM
mass is guided by our aim to explore the otherwise disallowed range of DM mass for scalar singlet
DM, as state before. The respective plots corresponding to different m1 masses are indicated by
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green (555 GeV), red (565 GeV) and blue (575 GeV) lines. The value of other remaining parameter
α is varied in a range, 0.001 ≤ α ≤ 0.1, while generating the plots.
(a) (b)
FIG. 6. Left panel shows the variation of ΩSh
2 with λHS for different values of lightest VLQ mass m1. On
right we show the relic and DD satisfied points are shown in α−λHS . The mass of dark matter mS is fixed
at 500 GeV.
We find (refer to Fig. 6, left panel) that the relic can be satisfied by relatively (compared to
the pure singlet scalar case) small value of λHS . 0.1, thanks to the effect of co-annihilations
(inclusive of diagrams in Fig. 2 and Fig. 3) involving the interactions provided in Eq. (1) and
the gauge interactions. The presence of this co-annihilation is more transparent when we observe
that with the increase of m1, the relic becomes more. This is simply because with increased values
of m1, ∆1,2 become larger and hence the effect of co-annihilation reduces (see Eq. (18)) which
contributes to a smaller effective annihilation cross section and hence larger relic is obtained. The
small λHS turns out to be helpful in evading the DD limits. Since some of the couplings involved
in co-annihilation processes, e.g. couplings α, are also involved in the DD process, their effects
become crucial in getting the correct DM relic density as well as to satisfy DD bounds. It can be
noticed that for λHS below 0.1, the effect of co-annihilation (actually the annihilations of VLQs)
remains so important that the relic is essentially insensitive to the change of λHS . However this
conclusion changes when λHS crosses 0.1. There we notice a significant fall in the relic plots (with
different m1 value) as well as a merger of them. This is because in this regime, annihilation of DM
provides a significant contribution to effective annihilation cross section 〈σv〉eff and co-annihilation,
although present, becomes less important. So overall the decrease in relic beyond λHS & 0.1 is
effectively related to the increase in λHS in the usual fashion.
In the right panel of Fig. 6, the relic and DD satisfied points are shown in α − λHS plane. In
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generating the plot, all other parameters except m1 are kept at same values as in the plot of left
panel. m1 here is varied in three range of values as indicated by the color code mentioned in the
inset of the figure. As with the increase of m1 value (such that ∆1 also increases), the possibility
of co-annihilation becomes less, the respective relic and DD satisfied region also shrinks. One can
also notice that higher values of α, beyond ∼0.05 or so, are disfavoured by the DD searches. The
reason would be clear if we look the Feynman diagrams in Fig. 2 and 4. A large α would lead to a
cross section relatively large compared to the DD limits. Hence it turns out that in the regime of
parameters with small values for both λHS and α, it is the VLQ annihilations via gauge interactions
(as part of co-annihilations via Fig. 3) which play crucial role in getting the correct relic density.
FIG. 7. Relic density plot comparing the scenario for scalar singlet DM with that of scalar singlet DM in
presence of vector like quarks with λHS = 0.01.
A variation of relic ΩSh
2 with mass of the DM mS is shown in Fig. 7 indicated by red line
where m1, λHS ,∆21, α and sin θ are fixed at 565 GeV, 0.01, 50 GeV, 0.01 and 0.1 respectively as
also mentioned on top of the figure. While compared with the case of a pure singlet DM having
Higgs portal coupling set at 0.01 (the dashed red line), we notice several interesting features.
Firstly the pattern is very much similar till mS approaches 450 GeV or so. Beyond this point, the
co-annihilations starts to be dominant as the ∆1 becomes small as seen from Eq. (18). Hence due
to the sudden increase in the effective-annihilation cross section, the relic abundance falls rapidly.
With m1 value fixed at 565 GeV, mS can not exceed m1.
Below in Fig. 8 left panel, we provide the DD cross section versus mS in our setup for two
different choices of α. While α = 0.01 is allowed for most of the intermediate mass range of DM, α
= 0.05 remains above the DD limits set by XENON 1T data, in accordance with the contribution
followed from Fig. 6. Also there is a noticeable dip in the plot which is indicative of the relative
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sign difference between these s and t channel contributions. In the right panel, we explore what
happens if we deviate from our simplified assumption of keeping both α1 and α2 same. We find
that in this case α1 = 0.01 and α2 = 0.03 are also allowed set of choices. However in terms of
usefulness of VLQs in bringing back the otherwise disallowed intermediate mass range of a singlet
scalar DM, our conclusion remains unaltered. In the following section we extend our discussion
for EW vacuum stability and in the next, we will get back again for finding a combined parameter
space consistent with DM phenomenology and vacuum stability point of view.
(a) (b)
FIG. 8. Spin independent direct detection cross-section for : (a) two different values of α = 0.05, 0.01 and
(b) fixed value of α1 = 0.01 and two different values of α2 = 0.03, 0.01
V. ELECTROWEAK VACUUM STABILITY
In this section, we aim to discuss the impact of the inclusion of the singlet scalar and VLQs
on EW vacuum stability in our setup. It is well known that the absolute stability of the SM
Higgs vacuum can be ensured by λH(µ) > 0 at any energy scale µ provided the EW minimum
is the global one. In presence of an additional deeper minimum other than the EW one, one
has to evaluate the tunnelling probability PT of the EW vacuum to this second minimum given
by PT = T
4
Uµ
4
Be
−8pi2/(3|λH(µB)|). Here TU is the age of the Universe, µB is the scale at which
probability is maximised, to be obtained from βλH (µB) = 0 where βλH is the beta function for
SM Higgs quartic coupling. The Universe would then be a metastable one if the decay lifetime of
the EW vacuum to the second one is longer than the age of the Universe, TU . This metastability
requires
λH(µB) >
−0.065
1− 0.01ln
(
v
µB
) . (21)
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Within the SM alone, it is the top quark Yukawa coupling, yt, which drives the SM Higgs quartic
coupling to negative value at around 1010 GeV [16, 17, 19, 21, 40]. However within the present
limits on the top quark mass, the EW vacuum turns out to be a metastable one. In our setup,
inclusion of singlet scalar S as DM and the VLQs would affect this situation. The presence of an
additional singlet scalar is known to generate a positive contribution to the beta function of λH
through the interaction like λHS2 H
†HS2 and thereby helps in driving Higgs vacuum toward more
stability [32, 41–48]. It is found that in order to make the Higgs vacuum absolutely stable upto
MPl, the scalar singlet (here DM) mass should fall above ∼ TeV. As in this paper, we focus on
the intermediate range of DM mass, its sole presence cannot be effective in achieving the absolute
vacuum stability. On the other hand, we also have the VLQs. It turns out, as discussed below,
their presence would be helpful in achieving the absolute stability of the EW vacuum even with
the scalar singlet DM mass below 1 TeV.
We have already seen the important role of these VLQs in the present set up in making the
otherwise disallowed parameter space (say in terms of mass) a viable one by providing additional
contributions to DM effective annihilation cross section and in DD diagrams. Following the results
of [33], these VLQs also help in achieving the electroweak vacuum stable up to a large scale. This
can be understood if we look into their positive (additional) contribution to the beta function of the
gauge couplings g1,2,3 associated with SU(3), SU(2) and U(1) gauge group of the SM respectively
(at one loop) given by
βg1 = β
SM
g1 + β
VLQ
g1 = β
SM
g1 +
g31
16pi2
[
4
5
Nc (2n2Y
2
F + n1Y
2
f ′)
]
(22a)
βg2 = β
SM
g2 + β
VLQ
g2 = β
SM
g2 +
g32
16pi2
(
2
3
Nc n2
)
(22b)
βg3 = β
SM
g3 + β
VLQ
g3 = β
SM
g3 +
g33
16pi2
(
2n3
3
)
(22c)
where colour charge Nc = 3 for any fermion (SM or VLQ) belonging to the fundamental represen-
tation of SU(3), n1 and n2 represent number of SU(2) singlet and doublet VLQs respectively while
n3 corresponds to the number of SU(3) triplet vector like fields. Yf ′ and YF are the hypercharges
of the VLQ singlets and doublets respectively. The VLQs being charged under SU(3) increases the
number of coloured particles in the present setup and hence effectively increases the β-function of
the gauge couplings, noticeably for the the g3. As a result of this, the running of the top Yukawa
coupling yt experiences a sizeable decrease in its value (compared to its value within SM alone) at
high scale predominantly due to the involvement of −8ytg23 term in βSMyt as
βyt = β
SM
yt + β
V LQ
yt =
yt
16pi2
[
9
2
y2t + 2Ncy
2 − 17
20
g21 −
9
4
g22 − 8g23 + 2Ncy2
]
. (23)
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Provided this decrease in yt is significant enough, it may no longer drag the λH towards the negative
value (recall that it was the −6y4t term present in βλH which pushes λH to negative in SM at around
109−10 GeV (≡ ΛSMI ) depending on the top quark mass), rather keeps it positive all the way till
the Planck scale.
One should also note that due to the involvement of both doublet as well as singlet VLQs in
our framework, Yukawa interaction involving the SM Higgs and these VLQs will also come into the
picture (see Eq. (1)). The associated coupling y involved in this interaction may result negative
contribution in the running of λH as seen from,
βλH = β
SM
λH
+ βVLQλH + β
S(1)
λH
,
= βSMλH +
2nF
16pi2
(4NcyλH − 2Ncy4) + 1
2
λ2HS , (24)
where nF is the number of families of VLQ multiplets (both doublet and singlet) participating in
the Yukawa interaction with SM Higgs. In fact, it has been shown in [33] that y > O(0.3) can
make λH negative at the large scale. However in our analysis we have found that this coupling
does not have a significant impact on the DM phenomenology and hence we can keep it rather
small throughout. Note that this smallness is in fact supported by the small mixing angle θ and
∆21 ∼ O(100) GeV as can be seen using Eq. (10).
For the analysis purpose in both the VLQ as well as the VLL scenarios, we run the two-loops
RG equations for all the SM couplings as well as all the other relevant BSM coupling involved in
both the setups from µ = mt to MPl energy scale. We use the initial boundary values of all SM
couplings as given in table II at an energy scale µ = mt . The boundary values have been evaluated
in [19] by taking various threshold corrections at mt and the mismatch between top pole mass and
MS renormalised couplings into account. Here, we consider mh = 125.09 GeV, mt = 173.2 GeV,
and αS(mZ) = 0.1184. We only provide the one-loop β-functions for both the scenarios namely,
VLQ and VLL in appendix A and appendix B respectively. The β−functions were generated using
the model implementation in SARAH [49].
Scale λH yt g1 g2 g3
µ = mt 0.125932 0.93610 0.357606 0.648216 1.16655
TABLE II. Values of the relevant SM couplings (top-quark Yukawa yt , gauge couplings gi(i = 1, 2, 3)
and Higgs quartic coupling λH ) at energy scale µ = mt = 173.2 GeV with mh = 125.09 GeV and
αS(mZ) = 0.1184.
In continuity with the discussion above, we now provide plots for the running of the gauge
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couplings, Yukawa coupling yt and Higgs quartic coupling λH . For this purpose, we consider the
set of benchmark values of parameters of our setup denoted by BP I in table III, the choice of
which are mainly motivated from the DM phenomenology discussed before.
BP mS [GeV] m1 [GeV] ∆21 [GeV] λHS α ΩSh
2 σSIS (pb)
BP I 500 565 50 0.01 0.01 0.119 7.169× 10−12
TABLE III. Benchmark point which satisfy the correct relic density and are allowed by the direct detection
experiments for sin θ = 0.1.
In the last two columns, we specify the respective contribution to the relic and DD cross section
estimate followed from this particular choice of parameters, BP I. Using this, we first show the
effect of VLQs on gauge couplings g1 (in blue), g2 (in orange) and g3 (in purple) in the left panel
of Fig. 9. While their running in SM is represented in dotted lines, the respective running of them
in case of the present model (SM+VLQs+scalar singlet) are denoted by the solid lines.
(a) (b)
FIG. 9. Running of (a) gauge couplings and (b) Higgs quartic coupling.
While the positive shift to g3 is expected due to the inclusion of VLQs, the rise in g1, g2 values is
due to the presence of the extra SU(2) doublet i.e. F in our framework. In Fig. 9 (b) we compare
the running of Higgs quartic coupling in our model (solid line) with that of the SM (dashed line)
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(a)
FIG. 10. Running of top Yukawa coupling.
and scalar singlet extension of the SM (dotted line). Note that with the choice of λHS = 0.01,
introduction of the scalar singlet does not make any significant contribution on the SM prediction
of β-function. As we have discussed above, the presence of VLQs alter the running of the gauge
couplings with a positive shift and hence top quark Yukawa, yt, has a prominent drop at high
scale. In Fig. 10, this downward shift in the running of top Yukawa coupling (due to the negative
contribution coming from the gauge coupling g3 and others) is shown.
VI. COMBINED ANALYSIS OF DM AND EW VACUUM STABILITY
Fig. 11 shows the allowed parameter space in the m1 −mS plane where the dark matter relic
and DD constraints are imposed. In obtaining this plot, parameters other than m1,mS and α are
kept fixed at their respective benchmark values (BP I of table III). Note that the patch with red
dots associated to α = 0.01 spans over the entire mass range of dark matter mS : 250 GeV to
1 TeV while a slight increase in α (= 0.02) restricts mS to be above ∼ 450 GeV. Similar trend
follows for larger values of α = 0.03(0.04) for which the allowed DM mass starts from 650 GeV (925
GeV). This happens due to combined impact of (i) the involvement of the mass splitting m1−mS
in determining the relic density and (ii) sensitivity of the dark matter DD to α. The correlation
between m1 and mS as seen in Fig. 11 follows mainly due to the relic density requirement co-
annihilations of VLQs to SM particles are the relevant processes that bring the relic density of
scalar singlet DM at an appropriate level. As we have discussed before, this depends crucially
on the mass splitting of m1 − mS . However as it turned out from our understanding of DM
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phenomenology, relic density is almost insensitive to α though the DD cross section depends on it.
Hence an increase in α value would also enhance the DD cross-section (thereby excluded) unless
the mass of the DM is also increased (as cross section varies inversely with ms). This explains why
with the increase of α, the DM mass should also be increased (as seen going from red → blue →
green and then to orange patches in the plot).
FIG. 11. Allowed parameter space in m1 −mS plane.
Now turning back to vacuum stability issue, we note that presence of VLQs allows the EW
minimum to be absolutely stable all the way up to MPl. However this conclusion is independent to
the choice of α or in other words, α remains unrestricted. In our setup, we have Yukawa interaction
of the VLQs to the DM, guided by α. Now with the inclusion of DM phenomenology, we restrict
the coupling α. In conclusion, we have ended up in a situation, where a scalar singlet DM having
intermediate mass range (in particular ∼ 250-900 GeV) now becomes allowed in presence of VLQs
and simultaneously can make the EW stable.
In this scenario with VLQs, as we have seen, there arises several new annihilation and co-
annihilation channels due to the additional interactions of DM present in Eq. (1). These are
shown in terms of Feynman diagrams in Fig. 1 and 2. Due to the presence of the last two terms in
the Eq. (1), one can see that the dark matter S can also annihilate into gluon pair (gg) at one loop
(through box diagram). It has been shown in [27–31] that with larger choice of Yukawa coupling
(here α) this annihilation of S to the gluon pair can provide a significant contribution to the relic
of S. In [28], the authors notice that for the mass regime mS < mt with the Yukawa coupling
of the ∼ O(10) the correct relic density can be satisfied. This large Yukawa coupling (involving
up-quark) however can create a problem in the DD of the dark matter as it will generate a large
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spin independent cross-section and hence can be in the verge of being excluded by the DD searches.
One should note that the amplitude of the SS → gg depends on the square of the product of this
Yukawa coupling and the strong gauge coupling. Hence this process will dominate over the other
annihilation or the co-annihilation channels of S only if the associated Yukawa coupling is large. In
our scenario, first of all, we focus on the scalar DM having mass above the top threshold. Secondly,
we have used a small Yukawa in general, i.e. α ∼ 0.01 which helps in evading the DD constraint.
Hence SS → gg (and other processes like ss→ γγ, three body final states etc.) remains suppressed
in our case.
We find that the annihilations of VLQs take part significantly in the effective DM annihilation
cross section in this scenario. As shown in earlier works [27, 30, 50, 51], such annihilations of the two
VLQ particles, in the non-relativistic limit, can be affected by the non-perturbative Sommerfeld
corrections through gluonic exchanges. It has been noticed that this correction may affect the relic
abundance calculation by at most 15% (see [27, 30] for a recent discussion and references therein). In
the present set up we have not included this correction, we leave it for a more complete exploration
as a future study. One should also take into account the possible formation of the bound states
due to the presence of the VLQs. It has however been concluded [52, 53], using the set up similar
to ours except that only SM singlets are involved there, that the bound state have only moderate
impact on the relic density and hence negligible.
Due to the involvement of the coloured particles (the VLQs) in the present setup, collider
searches can be important in defining the phenomenology of the model. In fact, VLQs can be
produced in pairs at LHC either by QCD interaction or through the t-channel exchange of dark
matter. Presence of these VLQs then can be observed through their subsequent decay into the DM
particle S and SM quark (or antiquark). Hence missing energy (/ET ) plus two jets would be a clear
signal at LHC. Such a study with VLQ singlet and scalar singlet dark matter has been extensively
done in [27–30]. It is found that the production cross section of pp → vector like quarks pair or
anti-quark pair or quark anti-quark pair at LHC rules out m1/mS > 1.4 where the mass of the
lightest VLQ is fixed at m1 = 500 GeV [27]. This is primarily due to the presence of large Yukawa
coupling between VLQs, DM and the SM Higgs required to satisfy the DM relic density. As in our
case the correct relic is effectively produced by the annihilation of VLQs and the Yukawa coupling
α is restricted to be small (to satisfy the DD bound), limits obtained on m1/mS in [27] does not
apply here.
In [27], it is also shown that the jets arising from the decay of the VLQs are too soft to be
detected at ATLAS or CMS if the VLQs couple to the lighter SM quarks as in the present setup.
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In that case, the additional emission of one or more hard jets is necessary for the detection of the
events. Hence multi-jets + /ET can provide a more stringent constraints than those obtained from
the lowest order two-jet+ /ET signals. Applying the combined results of multi-jets + /ET at ATLAS
searches together with the constraints coming from the DM direct detection as well as the indirect
detection experiments using γ−rays, the study in [27] excludes the scalar DM mass in the range
5− 300 GeV.
As mentioned above, in our case satisfying DM relic criteria is not intricately related to the
Yukawa coupling α (rather, annihilation of VLQs are the important ones), contrary to the study
of [27], which turns out to be important for the production of VLQ at LHC. Furthermore, α is
kept well below 0.1 in our case (see Fig. 11). Still in Fig. 11 we apply mS > 300 GeV as a
conservative bound obtained in [27] (indicated by the dotted vertical line), which in turn restricts
the mass of the VLQ to be above 350 GeV. Due to the presence of the VLQ doublet in the our
scenario, the production cross-section of the VLQs can be enhanced (due to the involvement of
the electroweak gauge bosons) in the present setup. However in the present work we have not
performed the detailed analysis of collider searches as this issue is left for a possible future work.
VII. SCALAR SINGLET DM WITH VECTOR LIKE LEPTONS
In this section, we investigate a similar setup where vector like quarks are replaced with vector
like leptons. While we expect some similarities with respect to DM phenomenology, the sudy of
vacuum stability will be different. For this purpose, we consider the extension of the SM by a
scalar singlet DM S along with a vector like lepton doublet E = (E0, E−)T and a neutral singlet
lepton χ, all of them being odd under the additional Z2 while SM fields are even under the same.
The Lagrangian involving the VLLs can then be written as follows :
−LVLL = ylij E¯iH˜χj + αliβ E¯RiSlLβ + (ME)ijE¯iEj + (Mχ)ijχ¯iχj + h.c, (25)
where i, j are generation indices associated with the additional vector like lepton doublets and
singlets and β = e, µ, τ . We will specify the required number of generations whenever applicable.
Here Ei represents the SU(2)L VLL doublets with hypercharge Y = −12 whereas χi represents the
SU(2)L VLL singlets with hypercharge Y = 0. We now proceed with only one generation of VLL
doublet and singlet. Thereafter, we discuss implications of presence of more generations.
After the electroweak symmetry breaking, there will be a mixing among the neutral components
of the added VLL doublet and singlet originated due to the presence of the first term in the above
23
Lagrangian. This is similar to the mixing θ of section II, and here we denote it by θl defined by
tan 2θl =
√
2ylv/(Mχ −ME), analogous to Eq. (9). The mass eigenvalues m1,2 follow the same
relation as provided in Eqs. (7), replacing θ by θl, F by E and f by χ. In the scalar sector, the
relations Eqs. (2)-(5) remain unaltered.
Since here we will study the scalar singlet DM and vacuum stability in presence of the VLLs,
constraints like stability, perturbativity, relic and DD limits as mentioned in section III are also
applicable in this study. Additionally one should consider the constraints coming from the collider
searches of the VLLs. The limit from the LEP excludes a singly charged fermion having mass below
100 GeV [54, 55], as a result we consider mE± ≥ 100 GeV. Due to the presence of the charged
VLL, the present setup can also be probed at the LHC. Being a part of the SU(2) doublets, the
charged VLLs can be pair-produced at the LHC in Drell-Yan processes, pp → vector like leptons
and anti-leptons pair, and subsequently undergo Yukawa-driven decays into a DM scalar and a
charged SM leptons, E± → Sl± and thus leading to a characteristic opposite sign di-lepton plus
missing energy ( /ET ) signature [56, 57]. In [58, 59] which also has a similar setup as ours, the
authors have shown that if the mass splitting between the charged and the neutral VLL is less
than mass of W± boson, then E± can also decay via three body suppressed process: E± → E0l±ν
giving rise to the displaced vertex signature at LHC.
The additional VLLs in the present setup can also contribute to the electroweak precision test
parameters S, T and U [60–62]. The values of these parameters are tightly constrained by exper-
iments. As discussed above, due the presence of doublet and a singlet VLL and their interaction
with the SM Higgs (for one generation of VLLs), after the electroweak symmetry breaking three
physical states namely i.e. one charged and two neutral are obtained. Therefore, the contribution
to the precision parameters depends on the masses of the physical states as well as on the mix-
ing angle sin θl in the present setup. One can look the study in [63] where a detailed analysis of
electroweak precision test parameters S, T and U for the setup similar to ours has been presented.
A. DM phenomenology in presence of VLL
DM annihilations will proceed through the diagrams similar to the ones mentioned in Fig. 1, 2
and 3, replacing the VLQ by their VLL counterpart. However as the VLLs do not carry any colour
quantum number, gluon involved processes would not be present. Other gauge mediated diagrams
are present though and continue to play important roles as we will see below.
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(a) (b)
FIG. 12. Relic density and direct search/XENON1T allowed parameter space of the scalar singlet (S) DM
+ VLL for different sin θl.
We provide in the left panel of Fig. 12 the DM relic density (ΩSh
2) versus mass of the DM
(mS) plot, while parameters like ∆21 (= m2 −m1) and αl (assuming αliβ = αlδiβ) are fixed at 50
GeV and 0.01 respectively, same as their respective values in case of VLQs. However Higgs portal
coupling of the DM is kept fixed at an enhanced value, λHS = 0.2 as compared to its value in case
of VLQ. The requirement of a larger λHS would be evident when we discuss the vacuum stability.
Now with such a large λHS , the pure singlet scalar DM relic density would be under-abundant
for DM mass below 600 GeV as evident from left panel of Fig. 5. Furthermore presence of VLL
having mass suitable for any possible co-annihilation would make the situation worsen. Hence we
consider a relatively heavy VLL mass set at 850 GeV. Note that there is a possibility of satisfying
relic by a ∼ 660 GeV DM where no co-annihilation involving VLL takes place. Although the relic
is satisfied, this particular mS = 660 GeV with λHS = 0.2 (the very first intersection with correct
relic line indicted by the horizontal line) is ruled out due to the associated large DD cross section,
unless a heavier DM is considered as seen from right panel of Fig. 12.
The VLLs start to contribute through co-annihilation around mS ∼ 790 GeV and above as
indicated by the drop of the relic curve associated with sin θl = 0.1 in the left panel of Fig. 12
which finally satisfies the relic at mS = 840 GeV. This pattern is similar to the one we have obtained
in case with VLQs. Here annihilations of VLLs through gauge mediation play the significant role
(almost 80 percent contribution to the relic density of S). Another interesting pattern is observed
for a large sin θl. As seen in the left panel of Fig. 12, there is no such change observed with
sin θl = 0.9. It mainly follows the pattern of a regular scalar singlet relic contour plot. Note that
with a large sin θl ∼ 0.9, the lightest VLL with mass m1 taking part in the co-annihilation and
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annihilation of VLLs to SM particles consists of mostly the singlet component χ as compared to its
dominant doublet nature in case with small sin θl. Hence gauge mediated processes are naturally
suppressed and there is no such effective annihilation of VLL). With large θl, the only possibility
where DM can satisfy the relic and DD cross section is with large αl. As the DD cross section
involves only the Higgs mediated contribution similar to the one shown in Fig. 4 (which only
depends on λHS), the plot in right panel is essentially independent of sin θl and αl.
B. Vacuum stability in presence of VLL
With the above understanding about the relevant parameter space from DM phenomenology, we
are now going to analyse the impact of the VLL + scalar singlet set up on vacuum stability. For this
purpose, we employ the new set of RG equations provided in the appendix B. In doing this analysis,
we consider more than one generation of doublet-singlet VLL fermions the reason of which will be
clear as we proceed. However for simplicity, we consider ylij , αlij as diagonal having equal values
yl and αl respectively. Similarly ME and Mχ are taken as diagonal. We maintain the hierarchy (in
case of three generations of VLLs) as ∆31  ∆32  ∆21 so that the DM phenomenology remains
unaltered and effectively influenced by m1 only (i.e. m1 only is involved in effective annihilation
cross section of DM). Although the presence of several generations would lead to several mixing
angles (involved through the mass matrix including the neutral components of all the VLL singlets
and doublets) in general, we assume only one mixing, denoted by θl, to be effective and ignore
other mixings. Following our understanding of the DM analysis, we have fixed certain parameters
at their benchmark values as: αl = 0.01,∆21 = 50 GeV, m1 = 850 GeV, mS = 840 GeV and sin θl
= 0.1. Later we will investigate the variation of αl, θl and its impact on the vacuum stability.
In order to understand the impact of VLLs on the running of the Higgs quartic coupling, let us
first consider the left panel of Fig. 13. In this plot, we provide running of the SM Higgs quartic
coupling λH against the scale µ considering the presence of different generations of VLL pairs of
doublet and singlet, while presence of the scalar singlet DM is ignored by setting λHS = 0. It turns
out that in contrary to the case of VLQs, presence of three generations of VLL doublet and singlet
alone cannot keep λH positive at all scale. As we find in the right panel of Fig. 13, a sizeable
λHS = 0.17 along with three generations of VLLs (doublet and singlet) can keep the EW vacuum
absolutely stable all the way till Planck scale (through the additional contribution in Eq. (24)).
In the right panel of Fig. 13, we notice that λH becomes negative around 10
11 GeV and again
approaches positive before MPl. Hence the situation with smaller λHS , say 0.1 with 3 generations
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(a) (b)
FIG. 13. (a) Running of Higgs quartic coupling λH against the scale µ by considering the presence of
different generations of vector like leptons, while setting λHS = 0, (b) running of Higgs quartic coupling for
different values of λHS for the three generations of vector like leptons.
of VLL, indicates existence of another deeper minimum and EW vacuum is found to be metastable.
This is true even for 3 generations of VLL with λHS =0. Note that it requires λHS to be 0.17
in order to make the vacuum absolutely stable. So for the rest of the analysis, where we stress
upon the absolute stability only, we consider λHS = 0.2 and set the DM mass at 840 GeV. On the
other side, if we accept the metastability of the EW vacuum (with λHS < 0.17 having 3-generation
VLLs) as a possibility, then a lighter DM mass (along with m1 & mS) can also be realised in the
present framework.
We now focus on the details of the specific pattern of running of λH in this scenario as compared
to the VLQ case. In Fig. 14, λH running is shown in left panel for three different cases: the dashed
red line correspond to the SM variation while dotted and solid lines stand for SM + scalar singlet
DM (with λHS = 0.2) and SM+scalar singlet DM + 3 generations of VLLs. In the right panel,
running of the gauge couplings g1,2,3 are shown. We notice that while g3 remains unaffected, g1
and g2 undergo a positive shift (compared to the SM running) due to the presence of VLL. These
shifts can be understood by looking at the additional contributions to the respective β functions
as in Eq. (22) as
βg1 = β
SM
g1 + β
VLL(1)
g1 = β
SM
g1 +
g31
16pi2
[
4
5
(2n2Y
2
E + n1Y
2
χ )
]
, (26a)
βg2 = β
SM
g2 + β
VLL(1)
g2 = β
SM
g2 +
g32
16pi2
(
2
3
n2
)
, (26b)
where n2 is the number of SU(2) doublets, n1 is the number of SU(2) singlets, YE,χ are the
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(a) (b)
FIG. 14. (a) Running of Higgs quartic coupling λH against the scale µ for the SM, SM + scalar singlet and
SM + scalar singlet + 3 generation of VLLs scenario (b) running of gauge couplings against the scale µ for
the SM and SM + scalar singlet + 3 generation of VLLs scenario.
hypercharges of E and χ respectively1. Though this helps in decreasing the yt value due to
running, it is not adequate to keep λH positive at any scale beyond Λ
SM
I even with SM+ three
generations of VLLs. In lifting the λH to positive side for any scale till MPl or to maintain the
absolute stability, contributions of both λHS (through the additional term in βλH similar to Eq.
(24)) and 3 generations of VLL (due to the presence of n1, n2 in βg1,g2 via Eq. (22)) turn out to
be important.
C. Combined analysis of DM and EW vacuum stability
In this section, we consider the effect of varying the two parameters αl and θl. Therefore
we perform a scan over a wide range of αl and θl and represent the correlation plot obtained in
the left panel of Fig. 15. These points in red correspond to the correct DM relic density and
simultaneously they satisfy the DD constraints. In generating the plot, we fix mS = 840 GeV,
m1 = 850 GeV, ∆21 = 50 GeV and λHS = 0.2. We find that for larger sin θl, only large values of αl
are allowed. Note that contrary to the VLQ case, αl does not participate in the DD cross section
as the associated interaction involves leptons only. Hence from the DD point of view, no restriction
can be imposed on αl. For the criteria of satisfying relic density, as we have seen in DM sub-section
that it is mainly due to the annihilation of VLLs via gauge mediation which contributes to the
1 Although here we represent the one-loop beta functions for the BSM part for discussion purpose, we finally include
the two-loop beta functions while studying the running.
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(a) (b)
FIG. 15. Contour plot showing allowed parameter space from (a) the DM constraints, (b) DM and the
vacuum stability constraints in the αl − sin θl plane.
required DM annihilation cross section in small mixing angle limits. Now for large θl, as we have
already pointed out in subsection VII A in the context of Fig. 12, a relatively large mixing angle
∼ 0.9 (indicating m1 is mostly made up of singlet VLL) is disallowed as it won’t correspond to
sufficient annihilation of this type (gauge mediated processes) required to satisfy the relic. However
the situation changes when αl is also large. This is due to the fact that co-annihilation processes
of DM involving large αl can provide the required relic.
In the right panel of Fig. 15, we introduce the constraints from vacuum stability. The blue
portion now denotes the allowed region of parameter space in αl-θl plane, while the red portion
is disallowed from vacuum stability constraints, in particular due to the violation of co-positivity
criteria of Eq. (11). In this context, it can be noted that terms proportional to α4 present in
βλS (see appendix B for its expression) makes λS negative at some high scale. Hence applying the
co-positivity conditions, the restricted parameter space for αl − θl is obtained.
VIII. DISCUSSION AND CONCLUSION
We have studied the possibility of sub-TeV scalar singlet dark matter along with electroweak
vacuum stability by incorporating the presence of additional vector like fermions. While a pure
scalar singlet DM extension of the standard model can satisfy the requirement of correct DM
phenomenology along with EW vacuum stability only for DM mass above a TeV, introduction
of additional vector like fermions is shown to bring it down to sub-TeV regime. Due to the
presence of new co-annihilation channels between DM and vector like fermions (most importantly
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the annihilations of VLF), it is possible to satisfy DM relic criteria without getting into conflict with
the direct detection data. The same additional fermions also play an instrumental role in keeping
the Higgs quartic coupling positive at all scales up to MPl dominantly through their contributions
to the RG evolution of SM gauge couplings.
Similar to the extension with VLQ, the VLL extension also gives rise to additional annihilation
and co-annihilation channels of DM, as can be seen from the interaction terms included in the
Lagrangian. One advantage of this extension compared to the VLQ extension discussed above
is that, it does not give rise to additional contribution to DM-nucleon scattering at radiative or
one loop level . Also, the additional contribution to DM relic from Sommerfeld enhancement
is absent in this scenario. While one can still have sub-TeV scalar singlet DM allowed from all
relevant constraints, the criteria of absolute EW vacuum stability all the way till Planck scale
requires at least three generations of such additional leptons along with a sizeable contribution
from the DM portal coupling with the SM Higgs. This is precisely due to the difference in the
way VLQs contribute to RG running of SU(3) gauge coupling from the way VLLs contribute to
SU(2) (dominantly) gauge coupling where the latter do not have any additional colour degrees of
freedom.
While the construction with VLL may appear non-minimal compared to the VLQ extension, the
additional three families of leptons can play a non-trivial role in generating light neutrino masses
at one-loop level as shown in Fig. 16 [64–66]. This however requires addition of Majorana mass
terms for χ field, which are in fact allowed by the symmetry of the model. A similar construction
has been exercised recently in [67] in presence of Majorana masses for both χL and χR. Since
the very details of neutrino mass expression does not carry a direct connection with the DM and
vacuum stability part of our scenario, we refrain from studying the details of neutrino mass here.
χL χL
E0R E
0
R
S
〈H〉 〈H〉
νL νL
FIG. 16. ν−mass generation at 1-loop
We have studied the two extensions of the scalar singlet DM model by adopting a minimalistic
approach. While our studies have been motivated primarily by the possibility of sub-TeV DM
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and EW vacuum stability, the scenarios can offer very rich phenomenology in terms of collider
physics, indirect detection of dark matter, charged lepton flavour violation etc. While one can get
additional contribution to dijet plus missing energy or dilepton plus missing energy signatures due
to vector like quarks and leptons respectively, the same additional fermions can also boost DM
annihilation to gamma rays, a tantalising indirect detection signature that has been searched for
at several experiments. The leptonic extension of the model which also generates light neutrino
masses at one loop, can in principle give rise to observable charged lepton flavour violation like
µ→ eγ, µ→ 3e etc, specially in the regime where singlet DM has order one Yukawa coupling with
the additional fermions. Another possible direction is to consider a UV completion of this minimal
model where Z2 symmetry can be embedded in a gauge symmetry which also predict the scale of
additional vector like fermions. We leave such aspects of our current scenario to future works.
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Appendix A: 1-loop β-functions for VLQ scenario
Below we provide the 1-loop β-functions for all the couplings involved in vector like quark
scenario. While generating the β−functions we have considered one complete family of VLQ i.e.
one double and one singlet. In the expressions below color charge Nc = 3 for all the VLQs, n1
and n2 represent number of SU(2) singlet and doublet VLLs respectively while n3 corresponds to
the number of SU(3) triplet vector like fields and finally nF represents the number of complete
VLQ families coupled to the SM Higgs. Due to the involvment of one complete family of VLQs all
n1, n2, nF are 1 whereas n3 = 3. Here, YF = −16 and Yf ′ = 23 are the hypercharges of F and f ′
respectively.
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a. SM Couplings
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Appendix B: 1-loop β-functions for VLL scenario (3 generations)
Here, we provide the 1-loop β-functions of all the relevant couplings by considering three com-
plete generations of VLLs i.e. three doublets and three singlets. In the expressions below color
charge Nc = 1 for all the VLLs, n1, n2, nF are 3 due to the presence of three complete generations
of VLL families whereas n3 = 0 and finally YE = −12 and Yχ = 0 are the hypercharges of E and χ.
Here we have also assumed that ylij , αlij as diagonal having equal values yl and αl respectively.
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